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A  membrane  electrode  assembly  is  subjected  to  carbon  corrosion  accelerated  stress  tests  (ASTs)  involving 
the  application  of  square-wave  voltage  cycles  with  different  upper  limits  to  measure  the  resulting  loss  in 
the  mass  of  the  carbon  support  at  the  cathode  catalyst  layer  (CL)  and  the  associated  degradation  in 
performance.  Carbon  loss  is  determined  from  the  amount  of  CO2  evolved  during  degradation,  while  the 
performance  loss  is  measured  from  the  reduction  in  the  cell  voltage  at  1.5  A  cm-2  relative  to  the  per¬ 
formance  obtained  in  its  beginning-of-life  state.  A  kinetic  model  for  carbon  corrosion  describing  the  rate 
of  evolution  of  CO2  is  shown  to  accurately  predict  the  carbon  loss  measured  during  the  various  carbon 
corrosion  ASTs  in  this  study.  A  plot  of  the  performance  losses  from  the  various  carbon  corrosion  ASTs 
versus  the  corresponding  carbon  losses  reveals  that  all  the  data  demonstrate  consistent  degradation 
regardless  of  the  AST  conditions,  and  these  result  can  be  fitted  with  an  exponential  function  termed  the 
‘fingerprint’  expression.  By  combining  the  carbon  corrosion  model  and  fingerprint  expression,  both  the 
carbon  loss  and  performance  loss  of  a  cathode  CL  during  a  carbon  corrosion  AST  can  be  accurately 
predicted  based  only  on  knowledge  of  the  waveform  of  the  input  voltage. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Transportation  systems  consume  more  than  20%  of  the  world's 
total  primary  energy,  produce  27%  of  total  green-house  emissions 
and  operate  at  approximately  15%  efficiency  [1,2].  An  advanced 
powertrain  system  such  as  a  fuel  cell  system  provides  high  quality 
power  with  significantly  lower  harmful  emissions.  Polymeric 
electrolyte  membrane  fuel  cells  (PEMFC)  enable  fast  start-up, 
high  efficiency  and  require  relatively  low  maintenance 
compared  to  current  automobiles  that  operate  by  the  combustion 
of  fossil  fuels  [3,4  .  However,  PEMFCs  still  face  significant 
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challenges  related  to  material  costs  and  durability  that  have 
impacted  their  commercialization.  One  of  the  factors  limiting  fuel 
cell  durability  is  the  corrosion  of  the  carbon  that  supports  the  Pt 
catalyst,  particularly  at  the  cathode  electrode.  Carbon  corrosion  in 
PEMFCs  is  thermodynamically  favorable  over  a  wide  range  of  cell 
voltages  from  0.2  to  1.5  V  5,6  .  This  has  been  reported  by  a 
number  of  experimental  studies.  Corrosion  of  graphene-based 
carbons,  such  as  carbon  black,  subjected  to  potential  cycling  has 
been  shown  to  cause  mass  loss  and  surface  oxide  growth  7]. 
Carbon  corrosion  is  also  often  observed  to  occur  when  the  cata¬ 
lyst  layer  is  partially  covered  by  hydrogen  and  oxygen  during 
startup/shutdown  (SU/SD)  cycling  and  when  fuel  starvation 
conditions  prevail  [6,8  .  As  with  other  processes,  the  kinetics  of 
carbon  corrosion  depend  on  temperature,  potential  and  duration 
of  operation. 


172 


S.  Dhanushkodi  et  al.  /  Journal  of  Power  Sources  267  (2014)  171—181 


A  widely  used  approach  to  investigate  carbon  corrosion  in 
PEMFCs  is  through  the  application  of  accelerated  stress  tests  (ASTs) 
to  mimic  real-time  operating  conditions  in  automotive  applications 
[7,9,10].  One  of  the  most  common  such  ASTs  involves  the  applica¬ 
tion  of  a  cell  potential  according  to  a  square-wave  waveform  be¬ 
tween  a  lower  limit  of  0.6-1.0  V  and  an  upper  limit  of  1.2-1.55  V. 
The  corrosion  behavior  of  carbon  is  expected  to  change  depending 
on  a  number  of  factors  such  as  the  upper/lower  potential  limits  of 
the  AST,  catalyst  loading,  support  loading  and  particle  size. 

To  study  commercial  catalysts  and  their  supports  for  PEMFCs, 
the  use  of  mathematical  models  have  also  been  helpful  in  gaining  a 
better  understanding  of  carbon  oxidation  and  its  reaction  mecha¬ 
nism.  Many  carbon  corrosion  models  either  completely  neglect  the 
complex  behavior  observed  or  are  based  on  empirical  equations  for 
the  mass  loss  of  the  electrode  [11  .  However,  such  models  are  poor 
at  predicting  mass  loss  and  surface  oxide  concentrations  for 
different  oxidation  conditions.  A  better  approach  has  been  to 
develop  physicochemical  models  describing  the  various  phenom¬ 
ena  leading  to  the  corrosion  of  the  carbon  support.  Meyers  et  al. 
developed  a  mathematical  model  for  carbon  corrosion  due  to 
hydrogen  cross-over  that  induces  both  oxygen  evolution  and  car¬ 
bon  corrosion  at  the  cathode  under  fuel-starved  conditions  [12,13]. 
Franco  and  Gerard  proposed  a  mechanistic  model  describing  the 
coupling  between  the  electrocatalysis  of  the  oxygen  reduction  re¬ 
action  (ORR)  in  the  membrane  electrode  assembly  (MEA)  and 
corrosion  of  the  cathode  carbon  support  [14  .  Their  numerical 
simulations  indicated  that  cathode  thickness  and  cell  potential 
decrease  when  the  anode  chamber  is  partially  exposed  to  oxygen 
due  to  hydrogen  cross-over  or  fuel  starvation.  Their  model- 
predicted  carbon  loss  arises  by  oxidation  of  carbon  by  electro- 
catalytic  mechanisms.  Gallagher  and  Fuller  proposed  a  model 
based  on  an  electrochemical  mechanism  to  predict  carbon  weight 
loss  and  surface  oxide  growth  as  a  function  of  time,  temperature 
and  potential  15,16  .  According  to  this  mechanism,  the  following 
phenomena  contribute  to  current  decay  during  electrochemical 
oxidation:  carbon  mass  loss  due  to  CO2  formation,  reversible  for¬ 
mation  of  a  passive  carbon  oxide  on  the  surface  and  irreversible 
formation  of  another  carbon  oxide.  Comparison  of  model  pre¬ 
dictions  with  experimental  data  indicates  that  the  current  decay 
occurring  when  the  cathode  potential  is  held  constant  at  1.2, 1.3  and 
1.4  VShe  can  be  attributed  to  the  formation  of  the  reversible  passive 
oxide.  On  the  other  hand,  when  the  potential  is  cycled,  the  irre¬ 
versible  loss  of  the  oxide  intermediate  that  catalyzes  CO2  formation 
through  quinones  formation  was  found  to  be  the  most  significant 
cause  of  current  decay. 

The  physicochemical  model  proposed  by  Gallagher  and  Fuller 
provides  considerable  insight  into  carbon  corrosion  occurring 
during  ASTs,  but  includes  several  complex  intermediate  steps  in  the 
overall  reaction  mechanism  and  so  may  be  difficult  to  implement 
for  online  monitoring  and  analysis  of  carbon  corrosion  ASTs  in 
practical  situations  [15  .  Furthermore,  it  is  not  possible  to  conduct 
experiments  that  can  identify  and  distinguish  between  the  various 
surface  oxides  proposed  in  the  model.  Thus,  a  number  of  the 
quantities  predicted  by  the  model  are  not  experimentally  observ¬ 
able.  A  simpler  model  capable  of  tracking  the  oxidation  of  the 
carbon  during  potential  cycling  would  make  it  easier  to  interpret 
AST  data  and  develop  strategies  to  mitigate  catalyst  layer  degra¬ 
dation  and/or  more  accurately  predict  the  lifespan  of  fuel  cell 
stacks. 

One  of  the  main  objectives  of  this  study  is  to  fit  a  kinetic  model 
to  the  carbon  loss  measured  during  carbon  corrosion  and  mixed 
degradation  ASTs.  Ultimately  the  resulting  model  used  in  this  work 
is  a  simplified  version  of  the  corrosion  model  proposed  by  Gal¬ 
lagher  and  Fuller  15].  A  sensitivity  analysis  of  the  contributions  of 
the  various  reaction  steps  to  the  measured  electrode  responses  is 


employed  to  determine  whether  simplification  of  this  model  can  be 
satisfactorily  made.  In  theory,  fuel  cell  performance  loss  due  to 
carbon  corrosion  should  be  correlated  to  the  amount  of  carbon  loss. 
However,  the  model  of  Gallagher  and  Fuller  is  unable  to  predict  the 
performance  loss  such  as  the  decrease  in  cell  voltage  from  knowl¬ 
edge  of  the  carbon  loss.  Thus,  in  order  to  more  closely  link  the  data 
collected  from  ASTs  to  fuel  cell  performance  loss  and  gain  a  better 
understanding  of  the  contributions  of  the  different  modes  of  car¬ 
bon  corrosion  to  this  loss,  it  would  be  very  useful  to  incorporate  a 
correlation  between  performance  loss  and  carbon  loss  into  the 
Gallagher  and  Fuller  model  (or  some  simplified  version).  This 
would  enable  a  direct  link  to  be  made  between  the  operating 
conditions  during  ASTs  and  the  resulting  carbon  and  performance 
losses.  Ultimately,  this  would  enable  better  diagnose  of  the  causes 
of  performance  loss  during  normal  fuel  cell  operation,  design  of  Pt/ 
C  catalysts  and  strategies  to  extend  the  useful  lifetimes  of  MEAs. 
Consequently,  another  important  aspect  of  this  study  is  to  develop 
an  empirical  relation  or  an  observable  performance  indicator  or 
‘fingerprint’  between  the  measured  performance  loss  and  the  car¬ 
bon  loss  predicted  by  the  kinetic  model  for  each  AST.  Comparisons 
of  the  performance  losses  obtained  from  this  fingerprint  equation 
to  those  determined  experimentally  are  made  to  validate  this 
approach. 

2.  Experimental 

The  cell  operating  conditions  for  the  different  experiments 
conducted  in  this  study  are  given  in  Table  1.  The  sequence  of  steps 
followed  for  each  MEA  that  is  subjected  to  an  accelerated  stress  test 
protocol  is:  i)  MEA  preparation,  ii)  conditioning  of  the  MEAs,  iii) 
measurement  of  electrochemical  platinum  surface  area  (EPSA)  us¬ 
ing  cyclic  voltammetry  analysis,  iv)  measurement  of  a  polarization 
curve  using  current  sweep  method,  v)  accelerated  stress  test  vi)  cell 
recovery  and  vii)  CO2  measurement.  The  details  involved  in  each 
experimental  step  are  discussed  below. 

2.1.  MEA  preparation 

The  Pt  catalyst  used  at  the  cathode  in  the  MEAs  was  obtained 
from  TKK  Corp.  The  MEAs  tested  consisted  of  graphitic  carbon- 
supported  platinum  (40  wt%  platinum)  layers  and  membranes 
based  on  perfluorosulfonic  acid  (PFSA).  The  Pt  loading  levels  at  the 
cathode  were  0.4  mg  cnrT2.  The  catalyst-coated  membrane  and  gas 
diffusion  media  were  cut  using  a  swing  beam  cutting  press,  aligned 
precisely  with  frames  and  bonded  to  make  a  MEA  with  active  su¬ 
perficial  area  of  48.4  cm2.  Once  an  MEA  was  assembled  in  the  cell 
hardware,  a  leak  test  was  done.  A  pressurized  bladder  was  used  to 
press  the  MEA  against  the  conducting  flow-field  plates  in  order  to 
improve  fuel  cell  performance.  The  optimal  bladder  pressure  was 
determined  based  on  the  performance  of  the  cell  for  each  assem¬ 
bly.  Generally,  the  bladder  pressure  was  maintained  between  60 
and  80  psi. 


Table  1 

Operating  conditions  for  experiments  investigating  carbon  corrosion. 


Conditioning 

Polarization 

cv 

ASTs 

Recovery 

Load  (A  cm'2) 

2.0 

0-2.4 

0 

0 

0 

Temperature  (°C) 

70 

60 

60 

70 

70 

Fuel/oxidant  gas 

Fh/air 

H2/air 

h2/n2 

h2/n2 

h2/n2 

Fuel/oxidant 

1.7/1. 5 

1.7/1. 5 

1.5/1. 5 

1.5/1. 5 

0.4/0.03 

pressure  (barg) 

Fuel/oxidant 

2/8 

2/12 

2/12 

1/1 

1/0 

flowrate  (slpm) 

Fuel/oxidant  RH  (%) 

100/100 

100/100 

100/100 

100/100 

50/50 
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2.2.  Cell  conditioning 

The  MEAs  used  in  the  carbon  corrosion  AST  experiments  were 
conditioned  for  12  h  at  a  constant  current  density  of  2.0  A  cm-2, 
100%  RH  and  70  °C  with  the  hydrogen  and  air  flow  rates  maintained 
at  2  and  8  slpm,  respectively.  The  conditions  during  the  testing  are 
listed  in  Table  1.  After  conditioning,  the  fuel  cell  was  purged  with  N2 
for  15  min  before  beginning  the  electrochemical  experiments  to 
evaluate  the  beginning  of  life  (BOL)  performance. 

2.3.  Cyclic  voltammetry  (CV) 

To  assess  the  changes  in  the  electrochemical  platinum  area 
(EPSA)  during  ASTs,  CVs  were  obtained  at  60  °C  using  accepted 
procedures.  CO  stripping  CV  analysis  was  done  to  measure  the 
electrochemical  surface  area  (ECSA)  during  the  carbon  corrosion 
studies.  The  CVs  during  the  carbon  corrosion  studies  were 
measured  using  an  in-house  built  set-up  assisted  by  a  load  bank. 
The  conditions  used  for  these  CV  measurements  are  given  in 
Table  1.  The  ECSA  (cm2  g”1)  was  determined  using  the  expression 
below  [17]: 

ECSA  =  Qco/0.484  [Pt]  (1) 

where  [Pt]  represents  the  platinum  loading  (mg  cm-2)  at  the 
cathode,  Qco  the  area  (mC  cm”2)  under  the  CO  stripping  region 
during  the  anodic  sweep  of  the  CV  and  0.484  mC  cm-2  corresponds 
to  the  charge  density  required  to  oxidize  a  monolayer  of  CO  on  the 
Pt  surface  [18  .  The  formula  given  in  Eq.  (1)  is  based  on  the 
assumption  that  one  CO  atom  covers  one  Pt  atom.  The  catalyst 
loading  at  the  cathode  was  set  to  0.4  mg-Pt  cm”2  throughout  this 
study.  Once  the  ECSA  was  determined,  EPSA  was  computed  using 
the  following  expression  11,17  : 

EPSA  =  10  LwLlpt ECSA  (2) 

where  Lw  is  the  catalyst  loading  and  UPt  is  the  Pt  utilization  at  the 
cathode.  A  value  of  0.8  for  UPt  was  assumed  based  on  Neyerlin  et  al. 

[19]. 

2.4.  Polarization  measurements 

To  characterize  the  performance  losses  in  this  study,  polariza¬ 
tion  curves  were  obtained  under  identical  conditions  at  regular 
intervals  during  each  AST.  The  conditions  used  to  obtain  these 
polarization  curves  during  ASTs  are  given  in  able  1.  A  steady  state 
polarization  curve  was  measured  using  H2  and  air  as  the  fuel  and 
oxidant  at  flow  rates  of  2  slpm  and  10  slpm,  respectively,  and 
operating  at  100%  RH  and  60  °C  at  both  the  anode  and  cathode.  To 
obtain  each  point  on  the  polarization  curve,  the  steady  state  cell 
voltage  was  obtained  at  each  applied  current  density  over  the  range 
from  2.4  A  cm”2  down  to  0  A  cm”2.  Before  each  polarization  curve 
was  determined,  the  fuel  cell  was  operated  at  1.7  A  cm”2  for  20  min 
to  ensure  that  the  system  was  initially  in  a  stable  state.  Performance 
loss  was  determined  from  the  polarization  curve  using  Equation  (3) 
below: 

Voltage  decay  rate  =  BQL@1 5  A  cm~2 - after  n  cyies@1 5  A  cm_2  (3) 

n  cycles 

2.5.  ASTs 

Carbon  corrosion  ASTs  were  conducted  by  applying  square- 
wave  pulses  with  different  upper  potential  and  lower  potential 
limits  to  the  cell  operated  with  H2  fed  on  the  anode  side  and  N2  on 


the  cathode  side.  The  pulses  shown  in  Fig.  1  include:  i)  square- 
wave  voltage  cycles  between  1.0  V  and  1.42  V,  ii)  square-wave 
voltage  cycles  between  1.0  V  and  1.44  V,  iii)  square-wave  voltage 
cycles  between  1.0  V  and  1.468  V,  iv)  square-wave  voltage  cycles 
between  1.0  V  and  1.48  V,  v)  square-wave  voltage  cycles  between 
1.0  V  and  1.5  V  and  vi)  square-wave  voltage  cycles  between  1.0  V 
and  1.4  V.  In  the  first  five  cases,  these  pulses  were  applied  with 
dwell  times  of  5  s  and  5  s  at  the  lower  and  upper  potentials.  Dwell 
times  of  30  s  and  30  s  were  used  in  the  sixth  AST.  The  carbon 
corrosion  rate  at  the  cathode  is  expected  to  rise  when  the  upper 
voltage  during  ASTs  is  raised  above  1.4  V.  However,  if  the  upper 
limit  becomes  too  high,  severe  damage  to  the  cell  and  its  perfor¬ 
mance  can  occur.  Accordingly,  a  range  of  upper  limits  between  1.4 
and  1.5  V  was  chosen  for  these  ASTs  as  a  compromise  to  promote 
carbon  corrosion  but  not  cause  excessive  degradation.  All  ASTs 
were  applied  for  2500  cycles. 

In  addition  to  the  carbon  corrosion  ASTs,  square-wave  voltage 
cycles  between  0.6  V  and  1.4  V  with  dwell  times  of  30  s  and  30  s, 
respectively,  were  applied  to  the  MEAs  to  impose  mixed  Pt 
dissolution-carbon  corrosion  conditions.  Due  to  more  extensive 
degradation  of  the  MEAs,  this  AST  was  terminated  after  1500  cycles 
instead  of  2500  cycles. 

2.6.  Recovery 

After  completion  of  a  specified  number  of  cycles  during  an  AST, 
the  load  bank  was  turned  off  and  the  cathode  was  purged  with  N2 
at  a  rate  of  1  slpm  for  20  min.  This  procedure  was  aimed  at 
removing  excess  water  present  in  the  catalyst  layer  [20  . 

2.7.  CO2  measurement 

Throughout  each  AST  experiment,  the  carbon  dioxide  content  in 
the  exhaust  gas  was  measured  using  a  Model  100  Infrared  Analyzer 
(California  Analytical  Instruments).  The  amount  of  carbon  lost  due 
to  corrosion  was  determined  from  this  measurement.  These  ASTs 
have  been  chosen  so  that  carbon  corrosion  occurs  primarily  in  the 
cathode  catalyst  layer.  Carbon  corrosion  of  other  PEM  fuel  cell 
components  such  as  the  gas  diffusion  layer  (GDL),  membrane  and 
the  flow  field  were  investigated  separately,  which  were  found  to  be 
negligible  during  these  ASTs.  Due  to  commercial  confidentiality, 
these  results  are  not  presented  in  this  article. 

3.  Carbon  corrosion  model 

Not  surprisingly,  the  extent  of  cathode  carbon  support  corro¬ 
sion  and  the  consequential  performance  loss  during  ASTs  and 
typical  fuel  cell  operation  is  strongly  affected  by  the  operating 
conditions.  The  most  comprehensive  model  to  date  for  the  kinetics 
of  carbon  corrosion  in  fuel  cell  catalyst  layers  developed  by  Gal¬ 
lagher  and  Fuller  [15]  describes  the  formation  of  CO2  and  a 
number  of  surface  carbon  oxides  and  determines  the  electrode 
response,  carbon  weight  loss  and  surface  oxide  growth  during  the 
electrochemical  oxidation  of  graphitic  carbon  as  a  function  of  time, 
temperature  and  potential.  A  key  feature  of  their  proposed 
mechanism  is  the  existence  of  two  types  of  sites  on  the  carbon 
support  surface.  One  type  of  site  is  active  for  the  rate-determining 
step  of  CO2  formation,  while  the  other  type  is  involved  both  in  CO2 
formation  and  the  formation  of  various  carbon  oxides  on  the 
support  surface  [15,16]. 

In  all  experimental  studies,  the  extent  of  carbon  corrosion  is 
determined  from  the  loss  of  carbon  mass  during  the  ASTs  which  can 
be  based  entirely  on  measurements  of  the  amount  of  CO2  formed. 
The  first  half  of  the  mechanism  proposed  by  Gallagher  and  Fuller 
describes  the  formation  of  CO2,  while  the  second  half  involves  the 
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Fig.  1.  AST  voltage  cycles  used  to  develop  and  assess  carbon  corrosion  model. 


formation  of  the  surface  oxides.  However,  the  identification  of  the 
particular  surface  oxides  formed  on  the  carbon  support  and 
determination  of  the  amounts  present  are  difficult  tasks,  particu¬ 
larly  if  they  are  to  be  done  on  a  routine  basis  during  MEA  design 
and/or  monitoring  fuel  cell  operation.  Consequently,  the  portion  of 
the  reaction  mechanism  proposed  by  Gallagher  and  Fuller  that  is 
most  relevant  to  the  analysis  of  the  ASTs  in  the  present  study  is  the 
first  half  describing  CO2  formation.  For  these  reasons,  it  seems 
reasonable  to  investigate  whether  the  carbon  loss  during  the  ASTs 
can  be  satisfactorily  predicted  by  a  simplified  version  of  Gallagher 
and  Fuller  model  involving  the  formation  of  CO2,  not  including  the 
degradation  associated  with  that  of  the  formation  of  surface  oxides. 
Consequently,  we  have  conducted  a  sensitivity  analysis  to  deter¬ 
mine  whether  the  complete  Gallagher  and  Fuller  model  can  be 
simplified  in  this  way  without  any  adverse  effect  on  its  accuracy. 
This  involves  assessing  the  simplified  model  by  comparing  its 
predictions  to  those  of  the  full  Gallagher  and  Fuller  model  for 
conditions  described  in  the  original  study  [15  . 

The  reaction  steps  involved  in  the  formation  of  CO2  that  con¬ 
stitutes  the  simplified  mechanism  are  given  below.  According  to 
the  mechanism,  the  carbon  surface  contains  two  types  of  sites 
denoted  as  #  and  *.  Those  designated  as  #  are  active  sites  for  the 
rate-determining  step,  while  *  sites  are  the  location  of  both  CO2 
generation  and  the  formation  of  the  surface  carbon  oxides. 

C#  +  H20  -►  C#OH  +  H+  +  e-  (4) 

C#  +  H20~C#(H20)ads  (5a) 

C#(H20)ads  +  C#OH  — >  C#OC#OH  +  2H+  +  2e~  (5b) 


2c#OC#OH  +  3C*  +  3H20— »C*0(C*00H),  +  2C# 

#  +  (5c) 
+  2C#OH  +  4H+  +  4e~ 

C*0(C*00H)2  -^C*OOH  +  C*0  +  *  +  C02  +  H+  +  e~  (5d) 

C*00H^*  +  C02+4H++4e-  (5e) 

The  number  designation  for  these  steps  given  here  is  the  same 
as  that  defined  by  Gallagher  and  Fuller  [15].  The  process  begins 
with  the  oxidation  of  #  sites  to  form  a  C#OH  surface  oxide  (Equation 
(4))  and  the  reversible  adsorption  of  water  on  other  #  sites  to  form 
C#(H20)ads  (Equation  (5a)).  These  two  surface  species  combine 
together  to  form  a  C#OC#OH  intermediate  in  Equation  (5b)  which  is 
the  slowest  and  rate-determining  step  for  CO2  formation.  The 
C#OC#OH  intermediate  then  goes  on  and  begins  a  sequence  of 
anodic  oxidation  steps  (Equations  (5c)-(5e))  that  yields  C02.  The 
subsequent  steps  in  the  full  model  proposed  by  Gallagher  and 
Fuller  make  up  a  competing  pathway  that  leads  to  the  reversible 
formation  of  carbon  oxide  Cjo  and  to  the  irreversible  formation 
ofCj?03,  quinone  (Cj02)  and  hydroquinone  C*  (OH)2.  These  are  not 
considered  in  the  simplified  model. 

The  calculation  of  the  carbon  loss  is  the  same  in  both  the  full  and 
simplified  models.  A  material  balance  on  the  moles  of  carbon  Nc 
yields  the  following  equation  for  the  instantaneous  rate  of  change 
of  carbon  mass  [16: 

^  =  ~r2  SMNC  (6) 

where  Nc  is  number  of  moles  of  carbon  present  per  unit  geometric 
area  (mol  cnigeom),  r2  is  the  rate  of  formation  of  CO2  (mol  cnrT2  s_1), 
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S  is  the  specific  surface  area  (cm2  g-1)  of  the  carbon  determined 
from  BET  measurement  and  M  is  the  molecular  weight  of  carbon 
(g  mor1).  A  couple  of  points  are  worth  noting  regarding  the  use  of 
r2  in  Equation  (4).  First,  r2  is  the  combined  rate  of  steps  2a-e  in  the 
model  and  represents  the  overall  rate  of  generation  of  C02.  Sec¬ 
ondly,  as  noted  above,  the  carbon  loss  during  oxidation  can  only  be 
measured  from  the  amount  of  C02  that  is  formed.  Consequently, 
only  r2  is  used  in  Equation  (4).  For  the  purposes  of  this  analysis,  it 
suffices  to  present  the  rate  expressions  for  Equations  (4)  and  (5) 
that  comprise  the  proposed  simplified  model: 


O  =  k 1 0vac  exp 


~RT 


(V-U,)-gd, 


C#OH 


r2 


F2 $vac$c#oH 


a2F 

RT 


(V-U2) 


kj  =  k°  exp 


where  r,  is  the  rate  (mol  cm-2  s'1 )  of  reaction  i,  0vac  is  the  fraction  of 
surface  sites  that  are  vacant  or  free,  #C#0H  is  the  fraction  of  sites 
covered  by  C#OH,  V  is  the  electrode  potential  (V)  on  the  standard 
hydrogen  scale,  p0  is  the  partial  pressure  (kPa)  of  water  vapor  and 
Poef  is  a  reference  pressure  (270  kPa)  for  water  vapor.  The  other 
parameters  in  these  expressions  are:  equilibrium  potential  Lf;(V), 
transfer  coefficient  au  activation  energy  Ea>1  (J  mol-1),  pre¬ 
exponential  rate  constant  kf  (mol  cm-2  s-1)  and  rate  constant  /q 
(mol  cm-2  s-1)  for  reaction  i,  Frumkin  factor  g,  Faraday  constant  F 
(96485.3  C  mol-1),  gas  constant  R  (8.314  J  mol-1  K-1)  and  tem¬ 
perature  T(I<).  r2  is  equivalent  to  the  rate  of  step  2b  which  is  rate¬ 
determining.  Since  step  2a  is  assumed  to  be  much  faster  than 
step  2b,  it  is  considered  to  be  at  pseudo-equilibrium  and  the 
equilibrium  constant  for  step  2a  is  incorporated  within  the  rate 
constant  k2  appearing  in  Equation  (6).  The  Frumkin  factor  g  was  set 
equal  to  three  by  Gallagher  and  Fuller  since  this  value  gave  the  best 
fit  of  their  model  to  the  experimental  data. 

A  balance  on  the  total  number  of  rate  of  generation  of  C#OH  sites 
on  the  surface  yields: 


8gc#OH  _  U  ~  r2 

9 1  [#] 


(10) 


Since  #  sites  are  either  vacant  or  occupied  by  C#OH  sites,  then 


[#]  =  [#lvac  +  [C#OH] 


(11) 


1  —  $vac  +  ^c#OH  (12) 

where  0vac  =  [#]vac/[#]  and  6<*0i{  =  [C#OH]/[#]. 

The  concentration  of  the  active  reaction  sites  [#]  and  the  specific 
surface  area  S  depend  on  the  original  carbon  black  material  used 
and  the  subsequent  heat  treatment  in  an  argon  atmosphere  prior  to 
incorporation  into  the  MEA.  Both  of  these  quantities  can  be  esti¬ 
mated  from  knowledge  of  the  temperature  of  this  heat  treatment 
step.  To  estimate  the  concentration  of  total  active  sites  on  the  car¬ 
bon  support,  the  following  empirical  function  reported  by  Gal¬ 
lagher  and  Fuller  is  used  [15]: 

[#]  =  70.3  exp(-0.0075  Theat  treatment)  (13) 

where  [#]  is  given  in  units  of  mol  m-2.  S  was  found  by  Gallagher 
and  Fuller  to  vary  linearly  with  the  heat  treatment  temperature 
and  can  be  obtained  from  a  plot  presented  in  their  paper  (Fig.  8  in 


Ref.  [15  ).  Since  Gallagher  and  Fuller  fitted  their  model  to  data 
collected  on  carbon  that  had  been  heat  treated  at  2173  K,  [active 
sites]  and  S  are  set  to  5.88  x  10-6  mol  m-2  and  100  m2  g-1, 
respectively,  for  the  purpose  of  assessing  the  accuracy  of  the 
simplified  model.  It  should  be  noted  that  the  carbon  supports  used 
in  the  present  study  were  heat  treated  at  2200  °C.  Thus,  different 
values  of  [active  sites]  and  S  are  used  when  the  carbon  corrosion 
model  is  applied  to  the  experimental  data  obtained  during  the 
ASTs  of  the  present  study.  S  is  obtained  using  BET  analysis.  The 
equilibrium  potential  U2  of  step  2  depends  on  temperature  ac¬ 
cording  to  the  following  expression  used  by  Gallagher  and  Fuller 
[15]: 

U2  =  -0.00023 T  +  0.2326**S**  (14) 

All  the  electrochemical  parameter  values  used  in  the  simplified 
carbon  model  are  the  same  as  those  obtained  by  Gallagher  and 
Fuller  15]  and  are  given  in  Table  2.  The  carbon  surface  is  assumed 
to  be  completely  unoxidized  at  the  outset  of  each  AST  before 
cycling.  With  the  parameters  and  initial  conditions  specified,  the 
simplified  carbon  model  represented  by  Equations  (4)— (12)  can 
then  be  solved.  The  complete  set  of  rate  expressions  constituting 
the  full  model  for  comparison  can  be  found  in  the  paper  by  Gal¬ 
lagher  and  Fuller  [15]. 

4.  Results  and  discussion 

4  A.  Accuracy  of  the  simplified  model 

To  assess  the  accuracy  of  the  simplified  model,  comparisons 
were  made  between  the  simulations  of  the  electrode  response  to 
various  ASTs  using  this  model  to  that  obtained  using  the  full  model. 
Fig.  2a  shows  the  predictions  of  the  two  models  on  the  evolution  of 
the  carbon  mass  loss  over  the  course  of  an  AST  in  which  the  cell 
voltage  is  held  fixed  at  1.4  V.  Model  simulation  was  done  for  18  h  of 
operation  by  keeping  the  cell  potential  constant  at  1.4  V  hold  at 
60  °C  for  H2  and  N2  conditions.  Although  the  curve  obtained  using 
the  simplified  model  does  not  perfectly  overlay  that  of  the  full 
model,  the  difference  is  very  small  even  after  18  h.  Comparisons  of 
predictions  by  the  two  versions  of  the  model  for  other  conditions 
showed  similar  good  agreement. 

Fig.  2b  shows  a  comparison  of  the  corresponding  values  of  $C#0H 
over  the  course  of  the  constant  voltage-AST  at  1.4  V  predicted  by  the 
simplified  and  complete  models.  Once  again,  good  agreement  be¬ 
tween  the  two  versions  of  the  model  is  obtained.  The  rate  of  carbon 
loss  is  beginning  to  tail  off  near  the  end  of  the  1.4  V  hold  AST 
(Fig.  2a),  whereas  the  coverage  of  active  sites  is  accelerating  at  the 
end.  This  growth  in  #C#0H  shows  that  the  rate  at  which  it  is  being 
consumed  is  falling  behind  its  rate  of  production. 

Fig.  3  shows  the  predictions  of  the  two  models  on  the  evolution 
of  the  carbon  mass  loss  over  the  course  of  an  AST  1.0-1. 5  V  5  s/5  s. 
Model  simulation  was  carried  out  for  2000  cycles  of  operation.  The 
curve  obtained  using  the  simplified  model  is  in  good  agreement 


Table  2 

Parameters  used  in  fitting  the  simplified  model  to  experimental  data. 


Parameters 

Symbol 

Value 

Units 

Transfer  coefficient  of  step  1 

ai 

0.35 

No  units 

Transfer  coefficient  of  step  2 

a2 

0.65 

No  units 

Activation  energy  for  step  1 

Fu 

10 

kj  mol  1 

Activation  energy  for  step  2 

£a,2 

110 

kj  mor1 

Rate  constant  for  step  1 

/<! 

2.35  x  10~16 

mol  cm-2  s_1 

Rate  constant  for  step  2 

l<2 

9.50  x  10~3 

mol  cm-2  s_1 

Equilibrium  potential  of  step  1 

u 1 

1 

V 

Equilibrium  potential  of  step  2 

U2 

0.15 

V 
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Fig.  2.  (a)  Comparison  of  the  evolution  of  carbon  loss  during  an  AST  in  which  the  cell 
voltage  is  held  constant  at  1.4  V  computed  using  the  full  Gallagher  and  Fuller  model  13  ] 
and  the  simplified  model  presented  in  this  study,  (b)  Variation  in  COH  sites  during  AST  of 
1.4  V  hold  as  computed  by  the  simplified  carbon  corrosion  model  presented  in  this  study. 


with  the  full  Gallgher  and  Fuller  model.  Based  on  these  compari¬ 
sons,  one  can  conclude  that  the  simplified  model  is  accurate 
enough  for  use  in  analyzing  the  carbon  corrosion  ASTs  of  the  cur¬ 
rent  study. 


0  500  1000  1500  2000 

Cycles 

Fig.  3.  Comparison  of  the  evolution  of  carbon  loss  during  an  AST  in  which  the  cell 
voltage  is  cycled  between  1.0  and  1.5  V  after  every  5  s  computed  using  the  Gallagher 
and  Fuller  model  [13]  and  the  simplified  model  presented  in  this  study. 


4.2.  Validation  of  carbon  loss  measurement  for  different  ASTs 

Carbon  loss  measured  during  different  ASTs  is  presented  in 
Fig.  4a.  In  order  to  validate  the  simplified  model  against  experi¬ 
mental  data,  the  carbon  loss  measured  during  AST  involving 
square-wave  cycles  between  1.0  and  upper  limits  ranging  from 
1.42  V  to  1.5  V  with  5  s/5  s  dwell  times  is  plotted  in  Fig.  4a  along 
with  the  losses  obtained  using  the  model  for  the  identical  condi¬ 
tion.  It  is  important  to  emphasize  that  all  model  parameter  values 
are  identical  to  those  reported  by  Gallagher  and  Fuller  15]  or  are 
adjusted  in  the  case  of  [#]  (Equation  (11)),  S  and  U2  (Equation  (12)) 
to  account  for  the  fact  that  the  heat  treatment  step  used  to  prepare 
the  carbon  support  in  the  current  study  was  carried  out  at  2200  °C. 
Thus,  the  computed  curves  are  obtained  without  any  fitting  of  the 
simplified  model  to  the  experimental  data  and  so  represent  true 
predictions  of  the  model.  It  should  be  noted  that  the  excellent 
agreement  between  the  computed  and  the  experimentally 
measured  carbon  losses  of  the  current  study  is  obtained  despite  the 
fact  that  the  MEA  considered  in  the  current  study  differs  from  that 
used  by  Gallagher  and  Fuller.  The  model  and  the  associated 
parameter  values  in  Table  2  thus  appear  to  be  robust  enough  to 
accurately  predict  the  carbon  loss  due  to  carbon  corrosion  inde¬ 
pendently  of  the  particular  MEA  in  question.  To  simulate  the  other 
ASTs,  the  input  into  the  model  is  the  upper  electrode  potential  V 
that  is  varied  with  time  so  as  to  match  the  appropriate  waveform 
shown  in  Fig.  1.  With  V  specified,  the  model  is  then  solved 
numerically  to  yield  the  cumulative  carbon  loss.  The  results  of  each 


1.4  1.42  1.44  1.46  1.48  1.5  1.52 

Upper  potential  of  the  ASTs,  V 

Fig.  4.  (a)  Carbon  loss  measured  during  different  ASTs.  (b)  Variation  of  the  total  carbon 
loss  with  the  upper  potential  limit  of  the  ASTs  as  determined  from  experiments  and 
the  carbon  corrosion  model  of  this  study.  Reported  total  carbon  loses  are  for  a  MEA 
that  consists  active  area  of  48.4  cm2. 
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ASTs  are  presented  in  Fig.  4b  and  show  excellent  agreement  be¬ 
tween  the  experimental  and  computed  cumulative  carbon  loss. 

A  particularly  striking  aspect  of  the  results  presented  in  Fig.  4b  is 
the  effect  that  the  upper  limit  of  the  square-wave  voltage  cycles  has 
on  carbon  loss.  The  lower  limit  (1.0  V)  and  dwell  times  (5  s/5  s)  are 
identical  for  these  five  ASTs.  They  differ  only  with  regard  to  the 
upper  limit,  which  varies  over  the  narrow  range  from  1.42  to  1.5  V. 
A  relatively  small  increase  from  1.42  V  to  1.5  V  more  than  doubles 
the  carbon  loss  at  comparable  points  throughout  the  AST.  Repeated 
cycling  of  the  potential  of  the  fuel  cell  cathode  above  1.0  V  promotes 
the  corrosion  of  the  carbon  support.  The  carbon  losses  reported 
here  are  similar  in  magnitude  to  those  reported  by  Linse  et  al.  who 
subjected  cathode  layers  to  ASTs  with  lower  potential  of  1.0  V  and 
upper  potentials  ranging  from  1.2  to  1.5  V  [5].  Experimental  results 
reported  by  Linse  et  al.  [5]  and  others  [3,4]  indicate  that  non- 
catalyzed  oxidation  of  a  significant  portion  of  the  carbon  on  the 
catalyst  layer  surface  occurs  during  the  ASTs  and  that  some  of  the 
remaining  carbon  tends  to  agglomerate  and  shrink.  Although  car¬ 
bon  corrosion  is  the  predominant  mode  of  degradation  during 
these  ASTs,  a  small  amount  of  dissolution  of  the  Pt  catalyst  likely 
also  occurs  when  the  potential  is  cycled  above  1.0  V  12,21  . 

A  t- test  and  analysis  of  variance  (ANOVA)  have  been  applied  to 
the  carbon  loss  data  measured  during  these  ASTs  and  obtained 
from  the  simplified  model  to  determine  whether  the  differences 
between  the  two  sets  are  statistically  significant.  Since  each 
experiment  was  repeated  three  times,  triplicate  data  were  obtained 
for  each  measurement  and  used  for  the  statistical  analysis.  A 
minimum  of  25  data  points  were  used  to  test  the  hypothesis.  The 
results  of  these  analyses  for  the  various  ASTs  are  presented  in 
Table  3.  The  tcritiCai  value  is  obtained  from  a  t- table  for  a  =  0.05  [22]. 
When  the  magnitude  of  ts tatistic  obtained  from  a  t- test  is  found  to  be 
smaller  than  tcritiCai,  the  analysis  indicates  that  the  differences  be¬ 
tween  the  experimental  and  model  data  are  not  statistically  sig¬ 
nificant.  Fobs  values  are  obtained  from  the  ANOVA  by  calculating  the 
ratio  between  the  variance  between  groups  and  the  variance  within 
the  groups  for  each  AST.  The  critical  value  Fcriticai  is  obtained  from 
an  F-table  for  a  =  0.05.  A  finding  of  F0bs  >  ^critical  signifies  that  the 
differences  between  the  experimental  and  model  data  are  not 
statistically  significant.  Both  the  t- tests  and  ANOVA  yield  very 
similar  results.  As  shown  in  able  3,  the  conditions  ts tatistic  <  fcriticai 
and  F0bs  >  ^critical  are  easily  met  in  all  of  the  carbon  corrosion  ASTs  of 
this  study,  indicating  no  statistically  significant  differences  be¬ 
tween  the  experimental  and  model  data  in  any  of  these  cases.  Only 
in  the  case  of  the  AST  involving  square-wave  cycles  between  0.6  V 
and  1.4  V  with  30  s/30  s  dwell  times  are  these  conditions  found  not 
to  be  satisfied.  However,  such  an  observation  is  perfectly  reason¬ 
able  since  Pt  dissolution  as  well  as  carbon  corrosion  should  occur 
during  these  cycles,  unlike  the  other  ASTs  listed  in  Fig.  1  where 
carbon  corrosion  is  predominant.  Since  the  model  accounts  for 
carbon  corrosion  only,  a  finding  that  no  statistically  significant 
difference  exists  between  the  experimental  data  and  model 


Table  3 

t-test  and  ANOVA  analyses  of  the  simplified  carbon  corrosion  model. 


AST 

t-  test 

ANOVA 

^statistic 

^critical 

a  =  0.05 

fobs 

fcriticai 

A  =  0.05 

1.0-1. 4  V,  30  s/30  s 

0.04 

2.3 

88.47 

9.55 

1.0-1.42  V,  5  s/5  s 

0.42 

2.3 

49.31 

9.55 

1.0-1.44  V,  5  s/5  s 

0.02 

2.3 

51.74 

9.55 

1.0-1.468  V,  5  s/5  s 

-0.15 

2.3 

57.70 

9.55 

1.0-1.48  V,  5  s/5  s 

-0.23 

2.3 

49.23 

9.55 

1.0-1. 5  V,  5  s/5  s 

-0.13 

2.3 

100.96 

9.55 

0.6-1. 4  V,  30  s/30  s 

2.3 

2.3 

9.23 

9.55 

predictions  for  the  0.6-1.4  V  AST  would  in  fact  have  been  prob¬ 
lematic.  In  summary,  these  statistical  analyses  provide  further  ev¬ 
idence  of  the  suitability  of  the  simplified  model  to  predict  the 
carbon  loss  measured  during  the  carbon  corrosion  ASTs. 

4.3.  Performance  loss  during  the  carbon  corrosion  ASTs 

The  maximum  current  density  measured  during  polarization 
curve  measurement  during  ASTs  is  found  to  be  ~2.0  A  cnrT2.  The 
performance  loss  of  the  MEA  during  the  ASTs  is  characterized  in 
terms  of  the  voltage  loss  obtained  at  an  applied  current  density  of 
1.5  A  cm-2.  At  this  current  density,  activation,  ionic,  electronic  and 
contact  resistances  play  a  role  in  determining  cell  performance, 
whereas  mass  transport  effects  are  relatively  unimportant. 

The  evolution  of  the  performance  loss  during  the  various  ASTs  is 
plotted  against  the  number  of  cycles  in  Fig.  5a.  This  data  shows  that 
the  upper  potential  limit  during  the  ASTs  does  not  affect  the  per¬ 
formance  loss  as  strongly  as  it  influences  the  carbon  loss  (Fig.  5a) 
except  when  1.48  and  1.5  V  are  reached.  The  degradation  in  per¬ 
formance  remains  relatively  modest  (less  than  60  mV)  over  the 
entire  AST  of  2500  cycles  as  long  as  the  upper  limit  remains  below 
-1.47  V.  However,  with  any  further  increase  in  the  upper  limit,  the 
losses  begin  to  grow  dramatically,  particularly  after  2000  cycles. 
The  decay  in  potential  reaches  150  mV  after  2500  cycles  when  the 
upper  limit  is  raised  to  1.48  V  and  as  much  as  625  mV  with  a  further 
increase  in  the  upper  limit  to  1.5  V.  This  last  case  is  quite  striking 
since  a  performance  loss  of  625  mV  represents  82%  of  the  initial 
BOL  cell  voltage  observed  at  1.5  A  cm-2.  As  shown  in  Section  4.2,  the 
loss  of  carbon  does  not  significantly  affect  the  performance  loss 
during  the  initial  stages  of  these  carbon  corrosion  ASTs.  However,  as 
the  number  of  cycles  increases  beyond  1500,  the  impact  on  the 
performance  loss  becomes  much  larger. 

4.3.1.  Use  of  carbon  corrosion  fingerprint  in  the  simplified  model 

Performance  loss  is  generally  caused  by  both  Pt  dissolution  and 
carbon  corrosion  [12,16,23,24  .  However,  oxidation  of  the  carbon 
support  is  expected  to  be  the  major  contributor  to  performance  loss 
during  the  carbon  corrosion  ASTs  of  this  study  due  to  the  specific 
operating  conditions  employed.  Young  et  al.  postulated  that  the 
complete  or  partial  oxidation  of  carbon  to  CO2  during  the  ASTs  af¬ 
fects  the  catalyst  layer  structure  and  presumably  the  porosity  of  the 
CL  [25].  Recently,  an  empirical  correlation  of  observed  performance 
changes  or  a  ‘fingerprint’  in  the  form  of  an  exponential  function 
relating  performance  loss  to  the  carbon  loss  at  a  specific  current 
density  was  developed  in  an  earlier  work  and  found  to  fit  the  data 
very  well  [26].  For  an  MEA  of  a  particular  type  or  structure,  the 
same  fingerprint  is  found  to  apply  regardless  of  the  AST.  This 
expression  enables  the  performance  loss  to  be  predicted  from 
knowledge  of  the  carbon  loss.  Although  useful,  this  approach  has  at 
least  one  disadvantage.  Development  of  the  fingerprint  expression 
requires  the  simultaneous  and  independent  measurements  of  both 
the  amount  of  CO2  generated  and  performance  loss.  The  CO2 
measurement  requires  that  the  cell  be  connected  to  an  infrared 
instrument  for  continuous  in-situ  analysis,  which  is  not  always 
convenient  or  possible,  particularly  for  routine  monitoring  of  fuel 
cell  performance  during  typical  operation.  However,  it  should  be 
possible  to  eliminate  the  need  for  such  a  measurement  by  replacing 
it  with  the  carbon  corrosion  model  presented  here  that  is  able  to 
determine  the  carbon  loss  as  a  function  of  time  or  the  number  of 
cycles  during  the  ASTs.  In  this  way,  only  a  polarization  measure¬ 
ment  which  can  be  easily  conducted  in-situ  during  ASTs  or  fuel  cell 
operation  is  required. 

To  illustrate  this  approach,  the  performance  loss  measured  at 
1.5  A  cm-2  is  plotted  versus  the  corresponding  carbon  loss  of  the 
MEA  for  all  the  carbon  corrosion  ASTs  of  this  study  in  Fig.  5b.  The 
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Fig.  5.  (a)  Performance  loss  measured  during  the  course  of  the  carbon  corrosion  ASTs.  Relation  between  performance  loss  and  carbon  loss  measured  at  1.5  A  cm  2  during  carbon 
corrosion  ASTs  as  determined  directly  from  (b)  experiments  (symbols)  and  (c)  simplified  carbon  model. 


carbon  loss  data  plotted  along  the  x-axis  in  Fig.  5a  are  experimental 
values,  while  those  appearing  in  Fig.  5b  are  computed  values  from 
the  carbon  corrosion  model.  The  plots  in  Fig.  5b  and  c  appear  very 
similar,  which  is  not  surprising  given  that  the  predictions  of  the 
carbon  corrosion  model  agree  very  well  with  the  experimental 
data.  Another  important  and  useful  feature  of  these  plots  is  that  the 
data  for  the  various  ASTs  appear  to  fall  along  single  curves  despite 
the  fact  that  the  upper  potentials  differ,  similar  to  the  trend  re¬ 
ported  in  our  previous  study  [26].  This  observation  provides 
another  indication  that  carbon  corrosion  is  the  predominant  mode 
of  cathode  CL  degradation  during  these  ASTs.  It  also  suggests  that 
the  change  of  the  upper  potential  limit  during  these  ASTs  primarily 
affects  the  extent  of  the  damage  to  the  CL  rather  than  to  the  nature 
of  the  degradation.  An  exponential  function  relating  performance 
loss  to  carbon  loss  has  been  fit  to  the  combined  data  from  all  of  the 
ASTs  to  yield  the  solid  curves  in  Figs.  5b  and  c.  The  exponential 
functions  which  this  work  terms  fingerprint  expressions  are  given 
in  the  figure  legend.  Very  good  agreement  with  the  model  pre¬ 
dicted  and  experimentally  determined  cumulative  performance 
loss  is  observed  for  all  ASTs  (Fig.  6).  Although  not  included  here,  a  t- 
test  and  ANOVA  carried  out  on  the  experimental  and  model  fitted 
data  in  Fig.  6  indicate  that  the  differences  between  the  measured 
and  fitted  performance  loss  have  no  statistical  significance. 

The  observation  that  the  same  fingerprint  expression  is  ob¬ 
tained  regardless  of  the  particular  carbon  corrosion  AST  being 
applied  simplifies  the  analysis  of  CL  degradation.  As  described 
previously,  the  carbon  loss  values  on  the  solid  curve  in  Fig.  5c  are 
not  measured  and  instead  are  computed  by  the  carbon  corrosion 
model.  Thus,  by  combining  the  fingerprint  expression  with  the 
carbon  corrosion  model,  both  the  performance  loss  and  carbon  loss 
at  any  time  during  an  AST  can  be  predicted  just  from  knowledge  of 
the  input  voltage  waveform  without  the  need  for  any  experiments. 
It  must  be  acknowledged  that  the  analysis  presented  in  this 
communication  has  been  restricted  to  a  MEA  of  a  particular  type 


prepared  using  a  given  procedure.  Although  not  included  here, 
experiments  were  conducted  on  another  MEA  containing  the  same 
catalyst  and  loading  level,  but  the  MEA  differed  in  other  respects 
(i.e.,  GDL  material,  layer  construction,  ionomer/carbon  ratio,  tem¬ 
perature  of  heat  treatment  of  carbon  support).  Interestingly,  the 
results  reveal  that  the  simplified  carbon  corrosion  model  and 
associated  parameters  presented  here  are  robust  enough  to  accu¬ 
rately  predict  the  carbon  loss  of  this  MEA  as  well  during  the  ASTs. 
However,  they  also  show  that  the  fingerprint  expression  that 
accurately  describes  its  corresponding  performance  loss  differs 
from  that  of  the  other  MEA  type.  Based  on  this  finding,  performance 
loss  measurements  should  therefore  be  carried  out  to  determine 
the  fingerprint  expression  for  a  particular  MEA  type,  but  no  further 
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Fig.  6.  Experimentally  observed  and  predicted  total  performance  for  different  upper 
potentials  of  the  carbon  corrosion  ASTs  obtained  at  1.5  A  cm-2.  Measured  and  pre¬ 
dicted  total  carbon  loses  are  for  a  MEA  that  has  active  area  of  48.4  cm2. 
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experiments  would  be  required  once  a  fingerprint  expression  has 
been  established.  However,  since  only  two  MEA  types  have  been 
tested  in  this  work,  it  will  be  important  in  the  future  to  extend  this 
study  to  a  thorough  investigation  of  MEAs  having  different  designs, 
fabrication  procedures,  and  structures  (e.g.,  GDL  material,  layer 
construction,  ionomer/carbon  ratio,  catalyst  type,  catalyst  loading 
level,  temperature  of  carbon  support  heat  treatment)  and  deter¬ 
mine  whether  their  carbon  loss  during  the  ASTs  can  also  be  accu¬ 
rately  predicted  by  the  simplified  carbon  corrosion  models  with  the 
parameters  presented  here. 

4.4.  Model  applicability  to  mixed-mode  degradation  AST 

The  sensitivity  of  the  carbon  corrosion  model  and  fingerprint 
equation  developed  previously  [24]  is  assessed  by  applying  it  to  an 
experiment  involving  a  mixed-mode  degradation  AST  during 
which  both  Pt  dissolution  and  carbon  corrosion  operate.  This  AST 
consists  of  square-wave  voltages  cycles  between  0.6  and  1.4  V  with 
30  s  dwell  times  at  each  potential.  The  variation  of  the  measured 
carbon  loss  over  the  course  of  this  AST  is  presented  in  Fig.  7a. 
Comparison  with  the  carbon  ASTs  results  shown  in  Fig.  4a  indicates 
that  the  application  of  this  mixed-mode  degradation  AST  leads  to 
much  higher  carbon  losses  than  do  the  carbon  corrosion  ASTs  (with 
the  exception  of  the  AST  between  1.0  and  1.5  V)  despite  the  fact  that 


Cycles 


Fig.  7.  (a)  Variation  of  the  measured  and  model-predicted  carbon  loss  with  number  of 
cycles  for  a  MEA  contains  active  area  of  48.4  cm2  and  (b)  variation  of  the  measured  and 
model-fitted  performance  loss  with  carbon  loss  during  the  mixed-mode  degradation 
AST  (0.6— 1.4  30  s/30  s  AST). 


the  upper  limit  of  1.4  V  is  lower  than  the  others  and  only  1500 
cycles  have  been  applied.  Fig.  7a  shows  a  comparison  of  the 
measured  carbon  loss  to  that  predicted  by  the  simplified  carbon 
corrosion  model.  It  should  be  noted  that  the  model  parameters 
have  been  left  unchanged  from  those  used  to  analyze  the  carbon 
corrosion  ASTs  and  no  attempt  have  been  made  to  change  the  pa¬ 
rameters  to  fit  the  model  to  the  experimental  data.  The  model 
underestimates  the  amount  of  carbon  lost  by  an  amount  that  grows 
over  the  course  of  the  AST.  This  result  is  understandable  given  that 
the  model  accounts  for  only  CO2  formation  during  carbon  oxidation 
and  ignores  catalyst-induced  effects  5].  Furthermore,  the  trends 
shown  in  Fig.  7a  suggest  that  the  effects  of  Pt  dissolution  compared 
to  carbon  loss  grows  over  the  course  of  the  AST.  The  relation  be¬ 
tween  the  corresponding  performance  loss  measured  during  the 
AST  and  the  carbon  loss  is  plotted  in  Fig.  7b.  Also  included  is  the 
predicted  behavior  obtained  using  the  fingerprint  expression  ob¬ 
tained  (Fig.  5c)  previously  from  the  carbon  corrosion  ASTs.  As  with 
the  carbon  losses,  the  predictions  underestimate  the  measured 
performance  losses. 

Another  possible  cause  of  the  underestimation  by  the  simplified 
model  is  that  it  does  not  account  for  the  formation  of  quinone/ 
hydroquinone  species  and  surface  oxides  during  potential  cycling 
[6,12,15,16,27].  Although  not  included  here,  we  also  conducted 
simulations  of  the  full  carbon  corrosion  model  proposed  by  Gal¬ 
lagher  and  Fuller  that  account  for  these  reactions,  and  found  that  it 
also  under-predicts  the  observed  carbon  losses.  Furthermore,  the 
simplified  model  is  able  to  accurately  predict  the  carbon  loss  during 
the  carbon  corrosion  ASTs  which  have  the  same  or  a  higher  upper 
voltage  limit  than  that  of  the  mixed-mode  degradation  AST.  Pre¬ 
viously  reported  studies  indicate  that  Pt  likely  has  a  stronger  effect 
on  carbon  corrosion  during  cycles  from  0.6  V  to  1.4  V  than  during 
cycles  from  1  V  to  1.4  V.  Maass  et  al.  observed  increased  carbon 
corrosion  due  to  changes  in  the  catalytic  activity  of  platinum  in  the 
potential  range  of  0.6-1.0  V  [27  .  Linse  et  al.  suggested  that  the 
oxidation  state  of  platinum  can  strongly  influence  carbon  corrosion 
[5].  Takeuchi  et  al.  investigated  carbon  corrosion  under  dynamic 
potential  conditions  and  also  showed  that  the  presence  of  Pt  affects 
carbon  oxidation  at  potentials  below  1  V  [28]. 

Information  on  the  effect  that  Pt  has  on  carbon  corrosion  can  be 
gained  by  measuring  the  loss  of  EPSA  during  the  carbon  corrosion 
and  mixed-mode  degradation  ASTs.  Fig.  8a  shows  the  relation  be¬ 
tween  %  carbon  loss  and  %  EPSA  loss  during  the  various  ASTs.  A 
strong  correlation  exists  between  these  two  quantities  and  both 
increase  together  during  any  given  AST.  Furthermore,  the  relation 
between  %  carbon  loss  and  %  EPSA  loss  for  each  AST  is  almost  linear. 
A  linear  dependence  during  the  carbon  corrosion  ASTs  would  be 
expected  assuming  that  the  Pt  catalyst  is  uniformly  distributed  over 
the  carbon  support.  Furthermore,  if  the  Pt  catalyst  were  to  become 
detached  and  electrochemically  disconnected  from  the  fuel  cell 
circuit  as  the  carbon  is  oxidized  to  CO2,  one  would  expect  this  line 
to  lie  close  to  the  45°  diagonal.  The  data  obtained  during  most  of 
the  carbon  corrosion  ASTs  lie  above  the  diagonal  line,  suggesting 
that  when  carbon  is  oxidized  to  C02  some  of  the  catalyst  attached 
to  it  remains  in  electrochemical  contact.  An  exception  to  this  trend 
is  observed  in  the  case  of  the  1.0  V— 1.4  V  30  s/30  s  AST  where  the 
data  fall  somewhat  below  the  diagonal,  suggesting  that  some  direct 
attack  of  the  catalyst  may  be  occurring.  It  is  also  observed  that  a 
change  in  the  upper  voltage  limit  during  the  carbon  corrosion  ASTs 
has  a  significant  effect  on  the  amount  of  carbon  that  is  oxidized,  but 
much  less  influence  on  the  loss  of  %  EPSA.  The  curve  for  the  mixed¬ 
mode  degradation  AST  lies  well  below  the  diagonal,  reflecting  that 
a  considerable  amount  of  the  attack  occurs  directly  on  the  catalyst 
without  oxidizing  the  support. 

An  interesting  comparison  can  be  made  between  the  %  carbon 
loss  and  %  EPSA  loss  during  the  mixed-mode  degradation  AST  and 
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Fig.  8.  Correlation  between  (a)  %  carbon  loss  and  %  EPSA  loss  and  (b)  %  performance 
loss  and  %  EPSA  loss  measured  during  carbon  corrosion  and  mixed  degradation  ASTs. 
Operating  conditions  during  these  ASTs  are  given  in  Table  1. 


that  during  the  carbon  corrosion  AST.  Although  care  must  be 
taken  in  doing  so  on  the  basis  of  most  of  the  carbon  corrosion 
ASTs  in  Fig.  8a,  due  to  differing  dwell  times;  however,  a  clear 
comparison  can  be  made  with  the  results  obtained  during  the 
1.0  V— 1.4  V  30  s/30  s  AST  where  the  dwell  times  are  the  same. 
Overall,  both  the  %  EPSA  loss  and  %  carbon  loss  vary  over  much 
wider  ranges  and  reach  much  higher  levels  when  the  MEA  is 
subjected  to  the  mixed  degradation  AST  than  to  the  1.0  V-1.4  V 
30  s/30  s  AST.  The  much  higher  %  EPSA  loss  during  the  mixed¬ 
mode  degradation  AST  than  during  the  carbon  corrosion  AST  is 
not  surprising  although  the  observation  that  it  grows  to  a  level 
above  80%  is  worth  noting.  Somewhat  more  surprising  is  the 
observation  that  the  corresponding  %  carbon  losses  during  the 
mixed-mode  degradation  ASTs  are  also  much  higher  than  those 
during  the  carbon  corrosion  AST.  While  the  %  carbon  loss  by  the 
end  of  the  1.0  V-1.4  V  30  s/30  s  AST  of  2500  cycles  reaches  22%, 
as  much  as  45%  of  the  carbon  is  lost  by  the  end  of  the  0.6  V-1.4  V 
30  s/30  s  AST  which  is  carried  out  for  only  1500  cycles.  Obviously, 
these  effects  can  be  attributed  to  processes  occurring  at  poten¬ 
tials  below  1.0  V. 

Particularly  interesting  are  the  trends  observed  when  compar¬ 
isons  are  made  over  the  course  of  the  two  ASTs.  Whereas  the  car¬ 
bon  loss  levels  are  similar  in  the  earlier  stages  of  both  ASTs,  the 
corresponding  EPSA  loss  of  40%  during  the  0.6  V-1.4  V  30  s/30  s 
AST  is  more  than  double  the  level  reached  during  the  1.0  V-1.4  V 
30  s/30  s  AST.  This,  of  course,  reflects  the  particular  attack  on  the  Pt 
catalyst  during  this  stage  of  the  mixed-mode  degradation  AST.  As 


the  0.6  V-1.4  V  30  s/30  s  AST  proceeds,  the  degradation  of  the 
catalyst  continues,  but  so  does  that  of  the  carbon  support.  The 
carbon  loss  of  -20%  reached  when  the  EPSA  loss  rises  to  -60% 
matches  the  maximum  level  reached  during  the  1.0  V-1.4  V  30  s/ 
30  s  carbon  corrosion  AST.  Thereafter,  both  the  Pt  catalyst  and 
carbon  support  continue  to  degrade  until  the  AST  is  terminated. 
The  fact  that  the  carbon  loss  is  significantly  higher  than  that 
observed  during  the  carbon  corrosion  AST  by  the  end  of  the  cycling 
suggests  that  the  attack  on  Pt  also  tends  to  enhance  carbon 
corrosion  either  directly  or  indirectly. 

The  %  performance  loss,  corresponding  to  the  %  carbon  loss 
shown  in  Fig.  8a,  is  plotted  versus  %  EPSA  loss  in  Fig.  8b.  Interest¬ 
ingly,  the  %  performance  loss  tends  to  lag  behind  the  %  EPSA  loss 
and  %  carbon  loss  throughout  the  carbon  corrosion  and  mixed¬ 
mode  degradation  ASTs.  Perhaps  the  most  significant  observation 
regarding  the  carbon  corrosion  ASTs  is  that  the  loss  in  performance 
always  remains  small  (10%  or  less)  even  when  the  carbon  loss  and 
EPSA  loss  become  substantial.  This  trend  is  even  more  remarkable 
during  the  earlier  stages  of  the  mixed-mode  degradation  AST.  For 
example,  even  when  60%  of  the  EPSA  and  25%  of  the  carbon  have 
been  lost,  the  performance  is  only  diminished  by  10%.  However, 
thereafter  the  situation  changes  dramatically  and  the  performance 
begins  to  deteriorate  much  more  rapidly  with  further  degradation 
of  the  support  and  catalyst  so  that  the  losses  reached  during  the 
later  stages  of  this  AST  are  much  greater  than  those  during  the 
carbon  corrosion  ASTs. 


5.  Conclusions 

The  durability  of  an  MEA  has  been  investigated  by  subjecting  it 
to  carbon  corrosion  ASTs  with  different  upper  potential  limits  and 
cycling  periods  and  then  measuring  the  resulting  carbon  loss  and 
performance  loss.  Carbon  loss  is  measured  from  the  amount  of  CO2 
evolved  during  degradation,  while  the  performance  loss  is  deter¬ 
mined  from  the  decrease  in  the  cell  voltage  at  1.5  A  cm-2  relative  to 
that  obtained  in  its  BOL  state.  A  kinetic  model  for  carbon  corrosion 
based  on  the  simplification  of  a  mechanism  reported  in  the  litera¬ 
ture  has  been  found  to  accurately  predict  the  carbon  loss  measured 
during  the  various  carbon  corrosion  ASTs  considered  in  this  study. 
When  the  performance  losses  from  the  various  carbon  corrosion 
ASTs  are  plotted  together  versus  the  corresponding  carbon  losses, 
all  the  data  fall  along  a  single  universal  curve  regardless  of  the  AST. 
An  exponential  function  termed  the  fingerprint  expression  has 
been  fit  to  this  curve  and  found  to  describe  the  correlation  very 
well.  By  combining  the  carbon  corrosion  model  and  fingerprint 
expression,  it  is  possible  to  accurately  predict  both  the  carbon  loss 
and  performance  loss  of  a  cathode  CL  subjected  to  a  carbon 
corrosion  AST  from  knowledge  of  the  input  voltage  waveform 
alone. 
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